We compared thromboembolic events, major haemorrhage and death after total hip replacement in patients receiving either aspirin or low-molecular-weight heparin (LMWH). We analysed data from the National Joint Registry for England and Wales linked to an administrative database of hospital admissions in the English National Health Service. A total of 108 584 patients operated on between April 2003 and September 2008 were included and followed up for 90 days. Multivariable risk modelling and propensity score matching were used to estimate odds ratios (OR) adjusted for baseline risk factors. An OR < 1 indicates that rates are lower with LMWH than with aspirin. In all, 21.1% of patients were prescribed aspirin and 78.9% LMWH. Without adjustment, we found no statistically significant differences. The rate of pulmonary embolism was 0.68% in both groups and 90-day mortality was 0.65% with aspirin and 0.61% with LMWH (OR 0.93; 95% CI 0.77 to 1.11). With risk adjustment, the difference in mortality increased (OR 0.84; 95% CI 0.69 to 1.01). With propensity score matching the mortality difference increased even further to 0.65% with aspirin and 0.51% with LMWH (OR 0.77; 95% CI 0.61 to 0.98). These results should be considered when the conflicting recommendations of existing guidelines for thromboprophylaxis after hip replacement are being addressed.
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Venous thromboembolism is a rare but significant complication following total hip replacement (THR). A wide range of pharmaceutical agents are available for thromboprophylaxis, many of which have been shown in randomised controlled trials (RCTs) 1 to reduce the risk of deep-vein thrombosis (DVT) and pulmonary embolism (PE). However, these drugs may increase other risks, such as bleeding, wound infection and thrombocytopenia. [2] [3] [4] A recent review comparing 11 national and international guidelines on thromboprophylaxis in orthopaedic surgery concluded that different thromboprophylactic drugs were recommended based on the same available evidence and reported that the recommendation whether to use aspirin or not remained a significant source of conflict. 5 For example, the United Kingdom-based National Institute for Health and Clinical Excellence (NICE) and the American College of Chest Physicians (ACCP) recommend low-molecular-weight heparin (LMWH) or fondaparinux in combination with mechanical prophylaxis as the most costeffective option, but aspirin was not recommended. 1, 6 The American Academy of Orthopaedic Surgeons (AAOS), on the other hand, included the use of aspirin in its recommendations. 7 Aspirin is an appealing method of thromboprophylaxis as it is inexpensive and can be administered orally without requiring laboratory monitoring. Not surprisingly, it is provided to about 20% of patients undergoing THR in England and Wales. 8 There are only four small RCTs, each including 300 patients or less, that directly compare aspirin with LMWH. 9 These suggest that LMWH is better than aspirin for the prevention of DVT. However, the advocates of aspirin argue that there is no direct evidence that LMWH is more effective than aspirin in preventing PE and reducing post-operative mortality. 9 We directly compared the rate of PE and death in the first 90 days after joint replacement with either aspirin or LMWH as the only pharmacological method of thromboprophylaxis, as well as the rates of DVT, major haemorrhage and return to theatre, in more than 100 000 patients who had a primary THR in England between 2003 and 2008. Information about the method of thromboprophylaxis and outcome events was derived from the National Joint Registry (NJR) for England and Wales 10 and the Hospital Episode Statistics (HES), the administrative database for all hospital admissions to the English National Health Service (NHS). 11 We used multivariable logistic regression and propensity score matching to adjust for differences in the baseline risk of the patients who received LMWH or aspirin. Propensity score methods are increasingly being used to eliminate potential bias when observational studies are used to compare the effects of different treatments. 12 Although in many cases regression and propensity score methods will produce similar results, propensity score methods are being advocated as more robust and less sensitive to model misspecification, especially when outcome events are rare.
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Patients and Methods
We used records from the NJR linked at patient level to records from the HES database. The NJR aims to collect data prospectively on all patients who undergo a hip or knee replacement in England and Wales. 10 The HES database includes all patients admitted to NHS hospitals in England, or to private hospitals but funded by the NHS.
11 HES records contain patient details and diagnostic information coded using the International Classification of Diseases, 10th revision (ICD-10), 14 and operative procedure codes using the United Kingdom Office for Population Censuses and Surveys classification, 4th revision (OPCS-4). 15 The HES database also includes information about date of death from the Office for National Statistics.
All 316 495 patients who were identified in the HES database as having undergone a primary THR in the English NHS between 1 April 2003 and 30 September 2008 were eligible for inclusion (Fig. 1) . Of these patients, 170 274 (53.8%) could be linked to a record in the NJR. The linkage was carried out based on a hierarchy of deterministic linkage criteria, including NHS number, year of birth and gender. Details of these criteria have been published elsewhere. 16 Of the 149 048 patients who had undergone a first primary THR and could be followed up for at least 90 days, we included only those 108 584 who had been given aspirin or LMWH as the only pharmacological thromboprophylaxis, irrespective of whether mechanical prophylaxis methods had also been used. Patients receiving more than one type of pharmacological prophylaxis were excluded.
Information regarding the method of thromboprophylaxis was extracted from NJR records along with relevant details of the operation and patient characteristics that were considered risk factors for thromboembolic events or haemorrhage. We used the Royal College of Surgeons Charlson Score 17 to search the HES database for comorbid conditions. HES data were also used to identify thromboembolic events (PE, DVT) and death within 90 days of surgery, major haemorrhage (cerebrovascular accident or gastrointestinal haemorrhage) and return to theatre for wound complications within 30 days of surgery. Minor haemorrhage was not considered as it is unlikely to be accurately coded in the HES database. Multivariable risk model. Logistic regression was used to assess the effect of treatment on outcomes, with adjustment for patient characteristics that are risk factors for thromboembolism or haemorrhage. Results are presented as odds ratios (OR) with 95% confidence intervals (CI); ORs < 1 indicate that rates are lower with LMWH than with aspirin. P-values were based on the likelihood ratio test and a pvalue < 0.05 was considered to indicate statistical significance. All risk models included the type of pharmacological prophylaxis, age (grouped into three equal-sized categories with cut-off values rounded to the nearest multiple of five), gender, American Society of Anaesthesiologists (ASA) grade, 18 number of comorbid conditions according to the Charlson score, indication for surgery (osteoarthritis or other), whether regional anaesthesia (epidural or spinal procedures) was used, prosthesis type (cemented, cementless, hybrid or resurfacing), approach (anterior, anterolateral, lateral or posterior), use of mechanical thromboprophylaxis, and provider type (NHS hospital, NHS treatment centre, independent hospital or independent sector treatment centre).
Use of regional anaesthesia was the only variable with missing values. In order to address this we used multiple imputation by chained equations. 19 Five datasets were created containing imputed values for missing values. Rubin's rules were used to combine the estimation results based on each of these datasets. Propensity score matching. Logistic regression was also used to estimate a propensity score, which represents the probability that patients were given aspirin or LMWH. 20 The same variables that were included in the multivariable risk model were also candidates for inclusion in the propensity score model. In this case, however, we used information on the 14 individual comorbidities that are included in the Charlson score, rather than a simple count of the comorbid conditions. Instead of using multiple imputation, we included patients for whom information on the use of regional anaesthesia method was missing by grouping them into a separate category.
Following the approach recommended by Austin, 20 we first used a stepwise process to select the variables for inclusion in the propensity score model based on statistical entry (p < 0.1) and removal (p > 0.2) criteria. Secondly, we added possible two-way interactions of the selected variables. The propensity score distributions in the two treatment groups were compared graphically and interactions were removed or re-entered in order to achieve similar distributions. Thirdly, for each of the 22 942 patients in the aspirin group we selected a patient from the LMWH group by matching on the logarithm of the estimated propensity score, using a nearest-neighbour matching algorithm with a maximum calliper width of 0.2 standard deviations (SD). All but two patients in the aspirin group could be matched. The balance in the variables across the treatment groups was assessed by calculating for each variable a standardised difference (i.e., difference between the groups divided by the SD among all patients). Balance was considered to be achieved if these differences were < 10%. Fourthly, logistic regression was performed on the set of matched pairs to estimate the effect of treatment on the outcomes. A robust standard error was used to allow for the clustering within the pairs. 
Results
Of the 108 584 patients who could be included, 22 942 (21.1%) had been prescribed aspirin and 85 642 (78.9%) LMWH as the only pharmacological thromboprophylaxis. Patients in the aspirin group were more likely than those in the LMWH group to have a posterior approach and to receive mechanical prophylaxis (Table I ). The two groups were otherwise very similar.
Without adjustment for potential risk factors we did not find statistically significant differences in the rate of thromboembolic events, major haemorrhage or return to theatre between the aspirin and the LMWH group (Table II) . The PE rate was the same in both groups (0.68%) and the 90-day mortality was 0.65% with aspirin and 0.61% with LMWH (unadjusted ORs 0.93). The differences in the other outcomes were also small, and all the unadjusted ORs varied around 1.
We found that with risk adjustment based on the multivariable risk model, the difference in 90-day mortality increased but did not quite reach statistical significance (adjusted OR 0.84; p = 0.06). The impact of the risk adjustment on the differences in the other outcomes was small.
There was close agreement between the characteristics of the 22 942 patients in the aspirin group and those in the equally sized LMWH group who were matched on their propensity score (Table I ). All standardised differences were < 2%, which confirms that the matched groups were well balanced.
A comparison of the outcomes in these matched groups produced results that were comparable to those obtained with the multivariable risk model (Table III) . However, the difference in the 90-day mortality (0.65% in the aspirin group and 0.51% in the LMWH group) was now slightly larger (matched OR 0.77; p = 0.04).
Discussion
This is the first published study large enough to compare meaningfully the effects of aspirin and LMWH on PE, major bleeding and mortality in patients undergoing THR. However, the study design was non-randomised, with its inherent risk of producing biased results. Two fundamentally different methods were used to adjust for baseline differences in patient characteristics. Both provided evidence, albeit weak, that mortality within 90 days of surgery may be lower with LMWH. The observed differences in the rates of PE, major bleeding and return to theatre were small and not statistically significant. Methodological considerations. The potential for bias in the results of non-randomised comparisons is well recognised. A 'review of reviews' comparing the results of experimental and observational studies concluded that there are differences between the results of studies with randomised and non-randomised designs, but no consistent pattern indicating systematic bias. 21 In order to explore the robustness of our risk-adjusted findings we contrasted multivariable risk modelling with propensity score matching.
The multivariable model included all available risk factors that were thought to be associated with the outcome, which allows the estimation of a treatment effect conditional on those risk factors. Propensity score matching, on the other hand, aims to balance the available patient characteristics that are associated with the assignment of treatment in order to replicate the design of an RCT, which produces a marginal treatment effect that should be interpreted as the mean difference at group level. 20 The results of both approaches were equivalent, which provides further support for our results.
An additional argument supporting the validity of our results is that it is generally accepted that the choice of thromboprophylaxis depends on the standard policy of the hospital or the preference of the surgeon, rather than on the characteristics of the patients. This notion is in line with the observed similarity of the characteristics of the patients in the aspirin and the LMWH groups (Table I) . However, a number of relevant risk factors, such as obesity and smoking, were not available to us and could not therefore be included in the risk adjustment. If, for example, orthopaedic surgeons were more likely to prescribe LMWH to patients with a higher body mass index or a history of smoking or other relevant risk factors, our results would underestimate the advantage of LMWH.
The outcomes were identified through linkage of the NJR data with the HES database. We were only able to link 54% of the patients who had undergone a THR in the NHS according to the HES database to an NJR record. Furthermore, the limitations of the ICD-10 and OPCS-4 coding systems are well recognised. 22 In combination, the linkage and coding issues will have caused errors in the assessment of the outcomes in a number of patients. These errors will have led to an underestimation of the event rates (given that missing an event is more likely than erroneously identifying one) as well as an underestimation of the size of the difference in the effect of aspirin and LMWH (given that the degree of misclassification is expected to be the same in the LMWH and aspirin groups). The effects of linkage and coding issues are especially relevant for DVT, which is difficult to diagnose without the systematic use of imaging techniques, as well as for PE and haemorrhage. Mortality, on the other hand, is a well-defined outcome and therefore least likely to be affected by coding inaccuracies.
As an aside, given these coding errors and their probable different impacts on DVT, PE and death, we do not feel that our results can help to determine whether reduction in the incidence of DVT is linked to a reduction in PE and death. This is a fundamental question that lies at the centre of the conflict of the guidelines that recommend aspirin and those that do not.
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Comparison with other studies. Two questions need to be addressed: how do the rates of thromboembolic events and haemorrhage observed in our study compare to those found by others and how do the effects of aspirin and LMWH reported by us correspond to the available evidence? Irrespective of whether aspirin or LMWH was used, the DVT rates presented in our study are much lower than those reported in RCTs. For example, the systematic review of RCTs of thromboprophylaxis treatment carried out by the developers of the NICE guidelines found that DVT rates varied from 34% to 50% with aspirin and from 5% to 38% with LMWH.
1 This is because we could only identify DVTs that were coded as a diagnosis in the HES database, and not the asymptomatic DVTs that are used as endpoints in the RCTs. However, PE rates according to the systematic review carried out by NICE are similar to those in our study, ranging from 0% to 1% with aspirin and from 0% to 7.8% with LMWH. 1 Furthermore, the combined rates of DVT and PE presented in our study are comparable to those reported by the Scottish Arthroplasty Project, 24 which found that between 2003 and 2009 this rate varied between 1.3% and 1.8% for all primary THRs.
The only four RCTs so far that have directly compared the effects of aspirin and LMWH suggest that DVT rates are lower with LMWH: three of the four studies show a statistically significant reduction. 9 As there were no RCTs directly comparing the effects of aspirin and LMWH on PE and death, the developers of the NICE guidelines carried out network meta-analyses, which allowed an indirect assessment of the relative effectiveness of aspirin and LWMH, as both have been compared against placebo. 25 The results of these meta-analyses are not easy to interpret. For example, the results are not always consistent over possible combinations with mechanical prophylaxis. Furthermore, the differences between the relative risks of aspirin and LMWH seem small and not statistically significant: the relative risk of PE with high-dose aspirin compared with no prophylaxis is 0.16 (95% CI 0.02 to 1.12) and the relative risk with LMWH is 0.12 (95% CI 0.02 to 0.59). On the other hand, the network meta-analysis suggests that aspirin does not increase the risk of haemorrhage, whereas LMWH would. Implications. Given our finding that mortality is lower with LMWH than with aspirin, the results of our study could simply be interpreted as further evidence that LMWH should be used as pharmacological thromboprophylaxis after THR. We feel that this would not acknowledge the complexity of the decision that needs to take into account the full range of possible outcomes. For example, we could not investigate the frequency of minor bleeding and wound problems as they cannot be identified in HES data unless they lead to return to theatre or readmission.
We recommend that the new evidence provided by our study on the effects of aspirin and LMWH is used by the developers of the existing guidelines when they revisit their recommendations. We expect that the low observed rates of PE and death irrespective of whether aspirin or LMWH was used will have an impact on the relative cost-effectiveness of the various options.
Our results are important for those who are contemplating setting up an RCT to compare aspirin with LMWH with PE and death as primary outcomes after THR. For example, an RCT that aims to detect a 20% reduction in the PE rate (from 1.0% to 0.8%) with a power of 80% and a two-sided significance level of 0.05 needs to include about 36 000 patients in each group. If death were to be used as outcome the size of the RCT to detect a similar reduction would need to be even larger. These parameters could be included in a formal expected-value-of-information analysis that should be carried out before embarking on such a large RCT to ensure that the costs of the trial do not exceed the benefits that can be expected from the information that it might provide. 26 Our study also highlights the potential of the linkage between the NJR and HES data. The baseline risks of venous thromboembolic events and haemorrhage are important factors determining the balance between risks and benefits of the different prophylaxis strategies. The linked data would allow the development of a series of risk models that could quantify these baseline risks according to patient characteristics, including body mass and comorbidity. Linkage with other databases, including those containing information about primary care as well as the large database which is currently being built up in England and Wales containing pre-and post-operative measures reported by patients, would allow a further refinement of these risk models.
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Supplementary material
A table showing the International Classification of Diseases (10th edition; ICD-10) and Office of Population, Censuses and Surveys Classification of Surgical Operations and Procedures (4th revision; OPCS-4) codes used for the analysis of Hospital Episode Statistics data is available with the electronic version of this paper on our website at www.jbjs.org.uk
